We produce a train of high-power, 2 ps, 10 um laser pulses by multiple-four-wavemixing compression of a 106 GHz CO 2 laser beat-wave in GaAs. The possibility of generating high-power, 300 fs, mid-IR pulses is discussed.
Introduction
Applications ranging from high harmonic generation to advanced particle acceleration have driven a surge of interest in 0.1 -1 ps, high-power, mid-IR laser pulses. Pulses in the deep mid-IR, λ ~ 10 µm, are especially desirable since the efficacy of light-matter interactions scale quadratically with the laser wavelength. Such long wavelength, high power laser pulses can only be produced using the CO 2 laser. Due to a bandwidth limitation of 3.5 GHz in an atmospheric laser amplifier, however, the production of picosecond pulses using the CO 2 laser is challenging. Therefore, picosecond CO 2 laser systems [1, 2] are all based on amplification of a short mid-IR seed generated by a broadband solid-sate laser. This pulse is then amplified in high-pressure [1, 2] and/or isotopic CO 2 [2] laser mix in order to maintain the ~ 1 THz bandwidth required for picosecond pulse amplification. A hybrid approach where the final amplifier is a low-pressure CO 2 module does not remove the complexity of a multi-stage system [3] . Although this technique has proven successful in producing 0.1 -10 TW of peak power, these systems are limited in pulse repetition frequency due to discharge physics in high-pressure CO 2 modules.
For a high-repetition rate and high energy laser system, one would like to use transversely excited atmospheric (TEA) CO 2 lasers since these lasers can operate from 0.1 -1 kHz and can produce 1 -10 J of pulse energy. The shortest pulse which can be produced by a mode-locked TEA CO 2 laser is ~ 2 ns. This fundamental limitation motivates research on nonlinear optical techniques to convert these long output pulses to 0.1 -1 ps time durations.
Here we demonstrate for the first time that high-power, picosecond, mid-IR pulses can be generated by compression of a long pulse, CO 2 laser beat-wave propagating in GaAs. This technique, whereby a laser beat-wave propagates and evolves in a nonlinear medium, was successfully applied to convert initially cw laser output into a train of 0.1 -1 ps pulses via propagation in a fiber with negative group velocity dispersion (GVD) at 1.55 µm [4] .
Methods
Experiments have been performed using a master-oscillator power-amplifier (MOPA) CO 2 laser system at the UCLA Neptune Laboratory which is described elsewhere [3] . A 200 ps long, 106 GHz beat-wave was produced by mixing radiation amplified on the 10P(20) (10590 nm) and 10P(16) (10550 nm) line of the CO 2 laser. For this experiment we used 150 MW CO 2 laser pulses which allowed us to use small aperture crystals while remaining much below the damage threshold of the AR coatings, ~ 1.5 J/cm 2 . The beam was focused to a peak intensity of 750 MW/cm 2 and was sent through lengths of 67, 134 and 268 mm of Cr-doped, semi-insulating GaAs. After the crystal we split the beam in order to perform spectral and temporal measurements of the output radiation.
Spectral measurements were carried out using a high-resolution spectrometer along with a low-resolution scanning monochromator. The spectrometer in combination with a pyroelectric camera was used to determine the absolute yield of spectral side-bands near the pump. These measurements were used to calibrate measurements obtained with a low-resolution monochromator which was used to ascertain the total extent of the spectral broadening.
Temporal measurements were realized using a streak camera. For this purpose the intense mid-IR light was upconverted to a visible wavelength so that it could be measured using the streak camera. This frequency conversion was accomplished by co-propagating the IR light with a visible diode laser probe through a CS 2 Kerr cell. The probe light's polarization, originally oriented 45 0 relative to the pump, is rotated when the intense mid-IR field is present, translating the temporal structure from the mid-IR pump to the visible probe.
Results
We observed significant spectral broadening spanning about 1.8 THz after the beat-wave propagated through 268mm of GaAs. The spectrum, shown in Fig. 1a , was composed of a family of narrow-band sidebands separated by the beat-frequency of 106 GHz. We also observed temporal pulse compression after 268 mm of GaAs which is depicted in Fig. 1b . Here we have plotted the temporal pulse structure without GaAs (black dashed line in Fig. 1b) and after the beat-wave propagates in 268 mm of GaAs (solid blue line in Fig. 1b) . For each streak the ~ 9 ps modulation corresponding to the 106 GHz beat-frequency is present. Measurements of the pulse length after 268 mm of GaAs show that the pulse has been compressed from a FWHM of 4.5 ps down to 1.5 ps. 
Conclusions
We have demonstrated a novel method to generate trains of high-power, picosecond, 10 µm laser pulses via multiple-four-wave mixing of a CO 2 laser beat-wave combined with the effect of negative GVD in GaAs. Even though this proof-of-principle experiment has been carried out for 200 ps long beat-waves, this same method can be used to compress the ~ 2 ns pulses readily available from TEA CO 2 MOPA system or a mode-locked TEA CO 2 laser. This method may be used to build affordable and compact picosecond 10 µm laser systems and to pump broadband mid-IR sources. Estimates indicate that it may be possible to generate 300 fs, 10 µm laser pulses using a faster beat-frequency, such as 880 GHz attainable by mixing the 10.3 and 10.6 um wavelengths available a CO 2 laser [5] . By generating 300 fs pulses and scaling the crystal aperture to accommodate 0.1 -1 J pulse energies it should be possible to generate 0.1 -1 TW CO 2 laser pulses at a high repetition rate.
